Report  Documentation  Page 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

24  OCT  2007 


2.  REPORT  TYPE 

N/A 


3.  DATES  COVERED 


4.  TITLE  AND  SUBTITLE  5a.  CONTRACT  NUMBER 

Three  minutes-long  electrophoretically  assisted  zeptomolar  microfluidic 
immunoassay  with  magnetic-beads  detection.  Journal  of  the  American  ' 

Chemical  Society  129:12628-12629  5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S)  5d.  PROJECT  NUMBER 

Morozov  VN  Groves  S  Turell  MJ  Bailey  C  5e.  task  number 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)  8.  PERFORMING  ORGANIZATION 

United  States  Army  Medical  Research  Institute  of  Infectious  Diseases,  report  number 
Fort  Detrick,  MD  TR-07-086 

9.  SPONSORING/MONITORING  AGENCY  NAME(S )  AND  ADDRESS(ES )  10.  SPONSOR/MONITOR' S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

The  original  document  contains  color  images. 

14.  ABSTRACT 

An  ultrasensitive  two-step  immunoassay  was  developed  for  rapid  assay  of  proteins  and  viruses.  In  the  first 
step,  electrophoresis  was  used  to  quickly  bring  soluble  analytes  from  a  flowing  solution  to  a  microarray  of 
probe  molecules  immobilized  on  s  semi-permeable  membrane,  in  the  second  step,  the  captured  analyte  was 
detected  by  scanning  the  mcroarray  with  functionalized  magnetic  beads  passed  over  the  array  surface  by 
shear  flow  and  pressed  to  the  array  surface  by  a  magnetic  field. 

15.  SUBJECT  TERMS 

methods,  immunoassay,  microarrays,  rapid  detection,  magnetic  beads,  microfluidic,  zeptamolar  detection 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

United  States  Army  Medical  Research  Institute  of  Infectious  Diseases, 
Fort  Detrick,  MD 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT 

unclassified 


b.  ABSTRACT 

unclassified 


c.  THIS  PAGE 

unclassified 


17.  LIMITATION  OF 

18.  NUMBER 

ABSTRACT 

OF  PAGES 

SAR 

2 

RESPONSIBLE  PERSON 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


J|A|C|S 

COMMUNICATIONS 
Published  on  Web  09/29/2007 


Three  Minutes-Long  Electrophoretically  Assisted  Zeptomolar  Microfluidic 
Immunoassay  with  Magnetic-Beads  Detection 

Victor  N.  Morozov,*’1'1  Stephanie  Groves,1'  Michael  J.  Turell,§  and  Charles  Bailey1 

The  National  Center  for  Biodefense  and  Infectious  Diseases,  George  Mason  University,  Manassas,  Virginia  20110, 
Institute  of  Theoretical  and  Experimental  Biophysics,  Russian  Academy  of  Sciences,  Pushchino,  Moscow  region, 
Russia  142290,  and  U.S.  Army  Medical  Research  Institute  of  Infectious  Diseases,  1425  Porter  Street, 

Frederick,  Maryland  21702 

Received  July  9,  2007;  E-mail:  vmorozov@gmu.edu 


Development  of  protein-detection  techniques  as  sensitive  as  PCR- 
based  assays  presents  a  tremendous  challenge  in  diagnostics.  With 
benefits  of  amplification  being  unfeasible  for  proteins,  limit  of 
detection  (LOD)  may  only  be  decreased  by  increasing  detection 
sensitivity.1  However,  even  an  ultimate  nanoscale  biosensor  capable 
of  detecting  a  single  analyte  cannot  have  LOD  much  lower  than 
femtamolar2  because  of  the  impractically  long  time  needed  for  an 
analyte  to  encounter  the  biosensor  at  lower  concentrations.  To 
overcome  this  problem  and  further  decrease  LOD  while  accelerating 
the  assay,  a  new  approach  was  suggested  recently  in  which  passive 
diffusion  of  analytes  is  replaced  by  their  active  delivery  to  the  sensor 
with  an  external  force3  (electric,  magnetic  or  mechanical).  LOD  in 
such  active  assays  may  be  extremely  low  because  of  analyte 
preconcentration  and  because  of  background  reduction  resulting 
from  removal  of  weakly  bound  analytes  with  the  force  direction 
reversed.3 

Though  different  elements  of  the  active  assay  were  reported 
previously,3  this  Communication  describes  for  the  first  time  an 
immunoassay  method  in  which  all  the  assay  steps  were  performed 
actively  in  a  single  microfluidic  device  (schematically  illustrated 
in  Figure  1,  panels  A  and  B).  The  solution  to  be  analyzed  moves 
through  a  flow  cell  (1.2  x  8  x  0.1  mm3)  whose  upper  and  lower 
walls  are  made  of  dialysis  membranes.  The  bottom  membrane  has 
an  antigen  or  antibody  microarray  on  its  upper  surface.  The 
membranes,  penetrable  to  small  ions,  allow  application  of  a  normal 
electric  field  which  draws  charged  analytes  to  the  array  surface,  as 
illustrated  in  Figure  1A.  While  other  similarly  charged  macro-ions 
are  also  brought  to  the  microarray  surface,  they  cannot  establish 
strong  bonds  and  are  eventually  removed  by  flow.  The  collected 
analytes  are  then  detected  with  magnetic  beads,  as  illustrated  in 
Figure  IB.  A  suspension  of  magnetic  beads,  functionalized  with 
probe  molecules  that  specifically  bind  the  analytes,  flows  through 
the  cell  while  a  magnet  attracts  the  beads  to  the  surface,  causing 
them  to  slide  over  the  array  surface.  When  a  bead  meets  a  captured 
analyte,  it  becomes  tethered  temporarily  or  permanently.4  By 
choosing  the  correct  shear  rate,  beads  can  be  removed  from  the 
areas  between  spots  to  reduce  background  as  well  as  from  spots  of 
weakly  binding  cross-reactive  antibodies,  thus  improving  assay 
specificity. 

A  detailed  description  of  the  cell  design,  peripheral  devices, 
preparation  of  beads  and  arrays  is  presented  in  Supporting  Informa¬ 
tion.  The  method  was  tested  using  both  antigen  and  antibody  arrays. 
For  the  first  test,  an  anti-streptavidin  (SA)-IgG  array  was  manu¬ 
factured  by  electrospray  deposition5  on  a  dialysis  membrane  coated 
with  a  layer  of  oxidized  dextran6  and  SA  was  electrophoretically 
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Figure  1.  (A)  Schematic  of  the  electrophoretic  capturing  of  charged  analytes 
on  an  antibody  array  from  flow.  Green  arrows  denote  flow  of  analyte,  blue 
arrows  denote  flow  of  electrode  buffer,  red  lines  are  platinum  electrodes 
forming  an  electric  field  marked  by  red  arrows.  (B)  Detection  of  captured 
analytes  by  scanning  with  functionalized  magnetic  beads.  Suspension  flow 
is  marked  by  green  arrows.  (C)  Dark-field  images  of  an  anti-SA-IgG  array 
with  SA  molecules  captured  from  2  x  10  17  M  solution  of  SA  and  detected 
by  scanning  with  biotinylated  magnetic  beads.  Distance  between  neighboring 
spots  is  150  /tm.  Number  in  the  upper  right  corner  of  each  image  in  panel 
C  indicates  total  time  (in  min)  of  capturing  SA  at  a  flow  rate  of  20  //I, /min. 
Control  image  was  obtained  after  capturing  for  8  min  under  identical 
conditions  from  the  same  buffer  solution  without  SA. 

captured  from  a  2  x  10~17  M  solution.  Captured  SA  molecules 
were  detected  with  biotinylated  magnetic  beads.  The  brightness  of 
each  spot  was  measured  with  a  standard  optical  microscope  and  a 
CCD  camera  under  dark-field  illumination  as  the  difference  in  gray 
level  of  the  areas  between  the  spots  and  that  of  spots  bound  with 
beads  using  SCION/NIH  program,  freely  available  on  the  Internet. 
The  gray  level  of  four  to  six  spots  was  averaged  on  images  taken 
at  8-bit  resolution  grayscale  (255  levels)  and  subtracted  from  the 
average  gray  level  of  four  to  six  areas  between  the  spots.  A  pattern 
of  bound  beads  was  visually  recognizable  at  spots  brightness 
exceeding  3  units  when  more  than  five  beads  occupied  each  spot, 
60  x  60  pm2. 

As  illustrated  in  Figures  1C  and  2 A,  a  recognizable  signal  was 
obtained  after  2—4  min  of  collection  when  400—800  SA  molecules 
had  passed  through  the  cell.  Adding  1%  serum  (~5  x  1010  molar 
excess  of  proteins)  reduced  the  signal  by  only  10—15%,  while 
adding  10%  serum  resulted  in  50%  inhibition  of  the  signal.  We 
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Figure  2.  Dependence  of  spot  brightness  on  the  number  of  analyte 
molecules  passed  through  the  flow  cell  and  on  shear  flow.  (A)  Streptavidin 
molecules  captured  on  anti-SA-IgG  array  from  buffer  solution  (empty 
circles),  from  the  same  buffer  containing  1%  dialyzed  chicken  serum  (filled 
circles)  and  10%  chicken  serum  (filled  squares)  at  a  flow  rate  of  20  fiLI 
min.  (B)  Dependence  of  the  signal  on  the  shear  flow  upon  electrophoretic 
capturing  of  SA  for  4  min.  Numbers  over  points  denote  flow  rate  in  plj 
min.  (C)  Anti-Ova-IgG  (commercial  rabbit  anti-Ova-IgG  from  Chemicon 
Inti,  Temecula,  CA,  diluted  1012— fold)  captured  on  an  ovalbumin  array  at 
a  flow  rate  of  60  /(L/min.  (D)  Assay  of  viruses  in  serum  from  West  Nile 
virus-infected  chickens.  The  serum  was  dialyzed  against  water,  diluted  1:200 
with  buffer,  and  WNV  antigens  were  captured  on  an  array  of  anti-WNV- 
IgG  (solid  circles).  The  same  procedure  was  followed  for  a  sample  purified 
by  exclusion  chromatography  (empty  circles).  The  flow  rate  of  the  sample 
solution  was  20  /(L/min.  The  numbers  above  the  experimental  points  in 
panels  A,  C,  and  D  denote  the  time  of  capture  in  min.  Other  capturing 
parameters  were  a  voltage  of  1 10—150  V  and  current  of  2—4  mA.  Analytes 
were  diluted  with  a  buffer  solution  containing  20  mM  imidazole,  10  mM 
glycine,  1%  PVA,  1%  PVP,  and  0.1%  Tween-20,  pH  =  8.5.  The  flow  rate 
of  the  magnetic-bead  suspension  upon  scanning  was  5—10  /(L/min.  Flow 
rate  of  the  external  electrode  buffer  was  20  mL/min. 


demonstrated  that  the  efficiency  of  analyte  capturing  drops  with 
increase  in  shear  flow  (Figure  2B).  Similar  sensitivity  was  obtained 
upon  capturing  antibody  molecules  (anti-ovalbumin-IgG)  on  an 
array  of  antigens  (ovalbumin),  as  illustrated  in  Figure  2C.  Negative 
controls  in  all  these  experiments  were  made  using  the  same  buffer 
solutions  with  or  without  serum  but  in  the  absence  of  analyte.  No 
pattern  of  bound  magnetic  beads  was  observed  (see  Figure  1C  as 
example). 

In  a  third  assay,  sera  from  West  Nile  virus  (WNV)-infected 
chickens  were  tested  for  the  presence  of  serologically  active  WNV 
particles.  A  sample  with  a  viral  titer  of  10* 1 2 3 4 5 6  pfu/mL  was  inactivated 
with  a  1—2  MRad  radiation  dose.  Monoclonal  anti- WNV  protein 
E  antibodies  (Chemicon  Inti.,  Temecula,  CA)  were  arrayed  and 
covalently  linked  to  a  layer  of  oxidized  dextran  on  a  dialysis 
membrane.  Electrophoretically  captured  viral  particles  were  detected 
by  magnetic  beads  coated  with  the  same  antibody  biotinylated  as 
described7  and  attached  to  commercial  SA-coated  magnetic  beads. 
As  seen  in  Figure  2D,  a  reliable  signal  was  observed  after 
approximately  2  min  when  only  ~700  viral  particles  passed  through 
the  cell.  We  concluded  that  numerous  proteins  present  in  the  serum 
did  not  interfere  notably  with  the  assay  because  a  twofold  decrease 


in  the  total  serum  protein  concentration  after  Sephacryl  S-400 
centrifugal  exclusion  chromatography  did  not  change  the  signal 
intensity,  as  shown  in  Figure  2D.  Chicken  sera  from  control 
chickens  not  infected  with  WNV  showed  no  bead  binding  after 
similar  capture  and  scanning  procedures. 

In  conclusion,  replacing  diffusion  with  active  delivery  of  analytes 
and  employing  bead  detection  sensitive  to  a  single  analyte  dramati¬ 
cally  accelerated  the  immunoassay  process  and  provided  an 
extremely  low  LOD.  Theoretically,  all  charged  analytes  may  be 
collected  on  the  array  and  every  captured  analyte  could  be 
discovered  with  scanning  beads.  In  practice,  detection  was  limited 
by  the  presence  of  defects  on  the  array  surface  and  by  analyte  losses 
due  to  adsorption  to  the  walls  and  due  to  removal  of  analyte  by 
beads  during  scanning  (see  example  of  such  removal  in  section  8 
in  the  Supporting  Information).  We  believe  that  further  refinement 
of  the  procedure  and  registration  of  every  bead  arrest  by  recording 
a  movie  will  allow  us  to  decrease  the  LOD  still  further,  to  a  level 
now  available  only  in  the  PCR-based  techniques.  The  technology 
can  be  used  in  numerous  applications  where  speed  and/or  extreme 
sensitivity  are  required  such  as  in  “warning’"-type  pathogen  detec¬ 
tors,  rapid  immunoassay  devices  in  emergency  or  surgery  cabinets, 
or  in  an  assay  of  biomarkers  present  at  very  low  concentrations  in 
biological  fluids. 
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flow  cell  design,  peripheral  devices,  and  general  performance.  This 
material  is  available  free  of  charge  via  the  Internet  at  http://pubs.acs.org. 


References 

(1)  (a)  Nam,  J.  M.;  Thaxton,  C.  S.;  Mirkin,  C.  A.  Science  2003,  301,  1884— 
1886.  (b)  Georganopoulou,  D.  G.;  Chang,  L.;  Nam,  M.  J.;  Thaxton,  C. 

S. ;  Mufson,  E.  J.;  Klein,  W.  L.;  Mirkin,  C.  A.  Proc.  Natl,  Acad.  Sci.  U.S.A. 
2004,  102 ,  2273-2276. 

(2)  (a)  Sheehan,  P.  E.;  Whitman,  L.  J.  Nano  Lett.  2005,  5,  803-807.  (b)  Nair, 
P.  R.;  Alam,  M.  A.  Appl.  Phys.  Lett.  2006.  88,  233120. 

(3)  (a)  Baselt,  D.  R.;  Lee,  G.  U.;  Natesan,  M.;  Metzger,  S.;  Sheehan,  P.  E.; 
Colton,  R.  J.  Biosens.  Bioelectron.  1998,  13,  731—739.  (b)  Lee,  G.  U.; 
Metzger,  S.;  Natesan,  M.;  Yanavich,  C.;  Dufrene,  Y.  F.  Anal.  Chem.  2000, 
287,  261-271.  (c)  Ewalt,  K.  L.;  Haigis,  R.  W.;  Rooney,  R.;  Ackley,  D.; 
Krihak,  M.  Anal.  Biochem.  2001,  289,  162-172.  (d)  Morozov,  V.  N.; 
Morozova,  T.  Y.  Anal.  Chem.  2003,  75,  6813-6819.  (e)  Blank,  K.;  Mai. 

T. ;  Gilbert,  I.;  Schiffmann,  S.;  Rank),  J.;  Zivin,  R.;  Tackney,  C.;  Nicolaus, 
T.;  Spinnler,  K.:  Oesterhelt,  F.;  Benoit,  M.;  Clausen-Schaumann,  H.;  Gaub, 
H.  E.  Proc.  Natl.  Acad.  Sci.  U.S.A.  2003, 100.  1 1356-11360.  (f)  Morozov, 
V.  N.;  Morozova,  T.  Y.  Anal.  Chim.  Acta  2006,  564,  40—52.  (g) 
Mulvaney,  S.  P.;  Cole,  C.  L.;  Kniller,  M.  D.;  Malito,  M.;  Tamanaha,  C. 
R.;  Rife,  J.  C.;  Stanton,  M.  W.;  Whitman,  L.  G.  Biosens.  Bioelectron. 
2007,  23,  191-200. 

(4)  Flow  rate  of  suspension  of  magnetic  beads  Q  =  5—10  /(L/min  cor¬ 
responded  to  a  shear  rate,  S  =  40—80  sec-1.  At  this  shear-rate,  a  force 
applied  to  a  single  20  nm  long  tether  holding  a  magnetic  bead,  1  pm  in 
diameter,  on  the  array  surface  is  estimated  as  T  —  1.6— 3.2  pN  in  the 
Supporting  Information. 

(5)  (a)  Morozov,  V.  N.;  Morozova,  T.  Y.  Anal.  Chem.  1999.  71,  3110—3117. 
(b)  Avseenko.  N.  V.;  Morozova,  T.  Y.;  Ataullakhanov,  F.  1.;  Morozov, 
V.  N.  Anal  Chem.  2002,  74,  927-933. 

(6)  Morozov,  V.  N.;  Evanskey,  M.;  Tan,  Y.  K.;  Shaffer,  D.;  Morozova,  T. 
Y.;  Bailey,  C.  Langmuir  2006,  22,  1742-1748. 

(7)  Singh,  R.;  Maloney,  E.  K.  Anal.  Biochem.  2002,  304.  147-156. 

JA075069M 


J.  AM.  CHEM.  SOC.  ■  VOL.  129,  NO.  42,  2007  12629 


